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SUMMARY
Gas adsorption methods are used to investigate and to characterize
solid surfaces. The objective of the present study was to investigate and compare
the physical adsorption of argon and nitrogen by cellulose. Adsorption of argon
or nitrogen involves nonpolar, dispersion forces. In addition, inductive adsorp-
tion forces are important if the cellulose electrostatic field induces a significant
dipole moment in the adsorbed molecules. This inductive effect would be greater
for nitrogen than for argon adsorption. An estimate of the surface electric field
of cellulose was calculated from the results of a heat of wetting study. The
electrostatic field strength was small (0.13 x 105 esu/cm.2 ); induced dipole
moments were negligible, and the inductive adsorption forces were insignificant.
The Ross-Olivier adsorption theory was used to study the adsorption
systems. The assumptions upon which the theory is based provide a realistic
description of the cellulose substrate and an adsorbed film. The surface area,
adsorptive potential, and the distribution of adsorptive potentials were investigated
for each adsorption system. Good agreement was obtained between experimental and
Ross-Olivier model isotherms. A comparison of experimental and theoretical iso-
steric heats of adsorption and a comparison of mean adsorptive potentials were
used to verify the agreement between isotherms.
For argon and nitrogen adsorption the cellulose surface was characterized
by a low mean adsorptive potential and a broad distribution of potentials. Nitrogen
was more strongly adsorbed, and the adsorbed nitrogen film was a mixture of
molecules freely rotating and molecules lying flat on the surface. Argon surface
areas were greater; however, the ratio of the surface area by argon adsorption to
the surface area by nitrogen decreased as the surface area by argon adsorption
increased.
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A marked difference between BET and Ross-Olivier estimates of surface
area was found. The discrepancy between these values increased with a decrease
in the substrate mean adsorptive potential. Multilayer adsorption occurred before
completion of the monolayer, and the BET estimate was shown to be a good approxi-
mation of the surface area covered by adsorbate before multilayer build-up
occurred. The Ross-Olivier estimate was a more realistic approximation of the
total surface area accessible to the adsorbate molecule.
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INTRODUCTION
At ordinary temperatures a solid differs from other phases in that the
molecules at an interface are not easily rearranged to achieve an equipotential
surface of minimum free energy. The presence of structural and chemical arrange-
ments create variations in energy across the surface. Characterization of the
cellulose surface with respect to energy, chemical and structural arrangements,
accessible surface area, etc., would be important in the investigation and the
understanding of any surface phenomena - adsorption, adhesion-retention, wetting,
catalysis, interfiber bonding.
-4-
BACKGROUND OF THE PROBLEM
A BRIEF REVIEW OF EARLY TREATMENTS OF
PHYSICAL ADSORPTION DATA
Many theoretical treatments have been generated which enable one to
characterize solid substrates or to quantitatively describe adsorption from the
experimental data. A broadly accepted adsorption theory usually is based on a
model which is thought to be an adequate description of the real surface, of the
adsorbed molecules and of the adsorption mechanism. Excellent histories of the
development of adsorption theories are given by Ross (1) and Young and Crowell
(2).
One of the first quantitative theories of adsorption was proposed by
Langmuir (3). The model was based on the simplified assumptions of a uniform
substrate with equivalent adsorption sites; the adsorbed film was localized and
was restricted to a monolayer, and the adsorbate - adsorbate interactions were
neglected. The basis of the Langmuir adsorption theory has been questioned.
Opposition arose to the primary assumption of an energetically uniform solid
substrate. In addition, experimental investigations have shown that an adsorbed
layer can be extremely mobile.
Polanyi (4) proposed a potential theory of adsorption which did not
postulate an explicit adsorption - isotherm equation. The potential theory
included fewer assumptions about the adsorption mechanism than the Langmuir
theory. With this theory, one can predict isotherms at other temperatures from
a characteristic curve. The characteristic curve is calculated from one experi-
mental isotherm covering an entire range of adsorption potentials, le (the work
A list of nomenclature is presented (pp. 82-84).
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done by the adsorption forces in bringing a molecule from the gas phase to a
point in the adsorbed film).
The BET theory of multilayer adsorption (5) has extended the Langmuir
model to. one of multilayer adsorption. Because a constant heat of adsorption is
assumed in the first layer, it may be claimed that nothing needs to be assumed
about the uniformity of the surface or about the presence or absence of horizontal
adsorbate interactions. However, without a specific model of molecular structure,
intermolecular forces, etc., the BET theory loses much of its significance. A
molecular model assuming an energetically uniform surface with negligible adsorbate -
adsorbate interactions in the adsorbed film has been used by Hill (6, 7) to derive
the BET equation. The use of BET theory and equations for solid surface area
determinations is broadly accepted.
A new theoretical approach developed by deBoer (8) assumed the adsorbate
to be a nonideal, two-dimensional gas that could be described by the van der Waals'
adsorption equation. The deBoer model of monomolecular adsorption supposed an
energetically uniform substrate as did the Langmuir model, but a mobile adsorbed
film and adsorbate - adsorbate interactions were assumed also. The validity of
this theory was suggested by experimental results obtained from specially selected
adsorbents which approach an energetically uniform substrate.
THE CONCEPT OF AN ENERGETICALLY NONUNIFORM SUBSTRATE
Recently, the heterogeneity of adsorption energy has been incorporated
into adsorption theories. Any general theory of adsorption must recognize energy
nonuniformity due to chemical structure and surface and crystal imperfections.
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The general isotherm equation is
@(P,T) = J t*(P,TUo)(Uo)dUo (1)
An adsorption model is presented generally as a function of experimental quantities
P, T, and U . This function, i(P,T,Uo) represents the local adsorption isotherm
function, and 0(U ) represents the energy of adsorption distribution function. The




U = adsorptive potential - the difference in potential energy
-o
of a molecule in the lowest energy state as a gas and the
zero point vibrational level of the adsorbed phase on the
surface.
ANALYTICAL SOLUTIONS
Several analytical solutions of Equation (1) have been made, but in
these solutions undesirable simplifications were imposed to reduce the integral.
For an analytical solution, the local adsorption function, *(P,T,U ), must be an
explicit expression for the local adsorption equilibrium in terms of P, T, and Uo.
Because of this restriction, the Langmuir model was used as the local adsorption
function in most analytical solutions.
Halsey and Taylor (9) used the Langmuir model and selected an exponential





where V is the energy difference between the lowest energy state of the gas and
lowest energy of the adsorption complex, and V' is the mean of this difference.
Sips (10) proposed an alternative method for the analytical solution
of Equation (1). An empirical equation was assumed for the experimentally observed
function, @(P,T), and the Langmuir equation represented the local isotherm function
I(_P,T,Uo). A unique solution nearly equivalent to a Gaussian distribution was
found for 0(U ).
Drain and Morrison (11) avoided the Langmuir equation by differentiating
Equation (1) to obtain
(U) du (3)
At a temperature of absolute zero, Equation (3) becomes
0(Uo) = d (4)
0
The unknown local isotherm function is eliminated at absolute zero temperature
since the molecules have no thermal kinetic energy; therefore, no adsorption
equilibrium exists between sites of different potential. Beginning at the site
of greatest potential, the adsorption sites are filled serially. Each site is
either filled or empty depending upon the adsorptive potential of the site and
the number of molecules adsorbed by the total surface. Ross (12) summarized this
method and the rigorous experimental conditions that are required. Heats of
adsorption and the heat capacity of the adsorbed film as a function of surface
coverage are measured at low temperatures; the zero degree heats of adsorption
are determined by extrapolation. The one time the method was used, Morrison,
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et al. (13) obtained the differential heat of adsorption rather than the adsorptive
potential.
diff ia
q U + api (5)
ia
The term, aP--, which accounts for lateral attractions among adsorbed molecules,
is difficult to determine and was ignored. Also, Equation (4) has been used under
improper conditions where temperatures were significantly above absolute zero [cf.
Ross (1), Chessick and Zettlemoyer (14), and Young and Healey (15)].
Harkins and Stearns (16) attempted to overcome the restrictions of the
Langmuir model. They derived an adsorption isotherm for a mobile adsorbed film
with lateral interactions on a surface of nonuniform adsorptive potentials. The
thermodynamic and statistical development followed the methods of Hill (7),
Tompkins (17), and Everett (18). However, the simplifications made by Harkins
and Stearns in deriving the explicit local isotherm function, t(P,T,U ), destroyed
the physical basis of their model.
The opinion of Ross and Olivier (19) is that an analytical solution of
Equation (1) probably cannot be made based on the model of a mobile adsorbed film
with lateral interactions and surface heterogeneity. Only a few attempts have
been made to obtain a nonanalytical solution of Equation (1).
NONANALYTICAL SOLUTIONS
Adamson and Ling (20) proposed a graphical method whereby the site-
energy distribution function, O(U ), is obtained from the experimental adsorption
isotherm, ®(P,T), and an assumed local isotherm function, I. It is not necessary
to represent the functions ®(P,T) and 4(P,T,Uo) analytically. In applying this
method, Adamson and Ling used the Langmuir equation and the Fowler-Guggenheim
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equation (the Langmuir equation with a lateral interaction term) for local iso-
therm functions. Site-energy distributions for the adsorption of butane, oxygen,
and nitrogen on rutile and graphon were reported. The adsorption data were from
Honig and Reyerson (21), and Joyner and Emmett (22).
The adsorption of argon on carbon black (MT-3100) was analyzed by
Hsieh (23) using the Adamson and Ling method. The site-energy distribution obtained
was Gaussian-like. Hsieh concluded that the Adamson and Ling method was insensi-
tive to the local isotherm function selected for r(P,T,U ) and that any local
isotherm function may be used without yielding a different site-energy distribution
curve.
Hobson modified the Polanyi potential theory to permit the determination
of site-energy distributions from adsorption isotherms. This method has been
reviewed in detail, and it is commended for making new approximations of the local
adsorption - isotherm equation which are a more accurate description of the local
isotherm than a step-function (1). Since the step-function approximation was
avoided, the assumption that the substrate adsorbs molecules in the serial order of
the energies of its adsorption sites was avoided also. The method assumed nothing
about the form of the distribution. The primary weakness of the method was the
arbitrary adsorption potential parameter. The relationship of the thermodynamic
heat of adsorption to this parameter was not defined, and the temperature dependen-
cies for the adsorption cannot be predicted.
Ross and Olivier (12) have proposed a monolayer adsorption theory in
agreement with the findings of Ross and coworkers (25-27) that an adsorbed film
is a mobile, two-dimensional, nonideal type film. The Hill-deBoer adsorption
equation [Equation (6)] is used as the local isotherm function, (_P,T,Uo), and a
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Gaussian distribution of adsorptive energies is assumed for 0(Uo). The Hill-
deBoer equation is the mathematical expression of the deBoer adsorption model.
An intractable integral results when the Hill-deBoer equation is used as
the local isotherm function in Equation (1). With the aid of a computer, Ross and
Olivier obtained theoretical isotherms for different values of all the parameters
by summing over the integral limits. The site-energy distribution is determined
by comparing the computed theoretical isotherms with experimental isotherms. The
distributions obtained are temperature invariant, and the model correctly predicts
the adsorption behavior for a number of adsorption systems. The method provides a
determination of the monolayer capacity.
The Ross-Olivier model has been criticized for assuming a normal
distribution of adsorptive potentials [cf. Adamson and Ling (20) and Hobson (24)].
However, the theory was reviewed favorably by Gregg and Sing (28), although they
questioned the divergence of BET and Ross-Olivier surface area estimates for
substrates of low adsorptive potential.
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APPROACH TO THE THESIS PROBLEM
THE PROBLEM
The Ross-Olivier theory has been applied to the argon-cellulose adsorption
system by Barber (29). He observed that the cellulose surface area was characterized
by a low mean adsorptive potential, U'0, and a wide distribution of adsorptive
potentials; that for variously treated cellulose fibers of different surface areas
the dependence of U' on the surface area was minor; that a marked difference
-o
exists between the monolayer capacities as determined by the Ross-Olivier theory,
V , and the BET theory, Vm; and that the ratio 4/Vm was dependent upon the mean
adsorptive potential of the substrate. Barber supported the hypothesis of Ross and
Olivier (30) that for a surface of low adsorptive potential the specific surface
area, as determined by the BET method, is grossly in error, and that:
...the part of the surface having an adsorptive potential
less than that of the liquid adsorbate remains sparsely occupied,
even as multilayers build up over the more energetic patches of
the surface; this effect combined with that produced by a low
value of y, leads to a value of Vm by the BET method that is
about one third of the value of _ (30).
The argon-cellulose interaction primarily involves dispersion forces.
The charge distribution of the argon atom is spherically symmetrical; therefore,
the atom possesses no permanent dipole, and it has no external field. However,
the atom does have instantaneous dipole and multipole moments. These instantaneous
moments induce resonant moments in any neighboring atom. Thus, there is a force
of attraction between the atoms due to interaction of the electron clouds. The
electron cloud of argon is spherical and is not easily polarized. One would
expect a slight dipole to be induced in argon only in the presence of a strong
electric field. Barber assumed that induction forces were not a significant part
of the adsorption forces for the argon - cellulose system. If this assumption is
I
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correct, the adsorption parameters U' and 7 as determined by Barber characterize
-o
the argon-cellulose adsorption system where dispersion forces are the only
significant force of attraction.
The next logical study would be an investigation of the interaction of
cellulose with an adsorbate which might involve more than just dispersion forces
as the attractive forces. The action of the various attraction forces would be
reflected in the adsorption parameters for this particular cellulose-adsorbate
system. The most convenient adsorbate for this type of study would be nitrogen.
The nitrogen molecule is linear, and the polarizability along the common axis of
the two atoms is about 1.5 times as great as the polarizability of argon (12).
An estimate of the order of magnitude of the cellulose surface electric
field effect on adsorbate molecules having induced polarity and/or permanent di-
polar character is necessary. This estimate must be known before these systems
can be investigated and analyzed. The thesis was directed toward assessing the
effect of the surface electric field of cellulose as one goal.
When polarization and orientation of the adsorbate are insignificant,
the ideal value of the two-dimensional van der Waals' constant a is used in the
calculation of 2a/RTO (the value of 2a/RTP determines the shape of the calculated
model adsorption isotherms). The real value of a is less than the ideal value if
a surface electric field induces a dipole moment in the adsorbed molecules (cf.
pages 41-3). When isotherm matches are made with a decreased value of 2a/RTf3,
a higher value of the heterogeneity parameter 7 is obtained (7 is related to the
standard deviation of the distribution of the adsorptive potentials, cf..page 15).
Therefore, the effect of an electric field at the surface can be confused with the
effect of surface heterogeneity [cf. reference (31)]. Thus, the surface electric
field strength must be determined so that its effect on the adsorbate can be
distinguished.
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In the cellulose-nitrogen system one expects the effect of a surface
electric field to be important if significant upright orientation of the nitrogen
molecule occurs. When the strength of this field is known, the validity of
Barber's assumption of insignificant induction adsorption forces for the cellulose-
argon system can be determined.
For this investigation, an estimate of the average surface electric
field of the cellulose substrate will be calculated from heat of wetting determi-
nations by the method of Chessick, et al. (32). A homologous series of wetting
liquids of various dipole moments is used. The slope of the heat of wetting versus
dipole moment curve provides an estimate of the surface electric field strength.
SELECTION OF THE ROSS-OLIVIER MODEL
One expects adsorbate - adsorbate interactions to occur whenever
adsorbate molecules are close enough to experience van der Waals' forces of
attraction or electronic forces of repulsion. Any reasonable description of
physical adsorption must account for these interactions.
The Ross-Olivier theory for monolayer adsorption (12) is the most
reasonable description of cellulose - gas physical adsorption systems. The Ross-
Olivier adsorption model assumes a mobile adsorbed film with lateral adsorbate
interactions. In addition, the model assumes a distribution of site-energies or
adsorption potentials; that is, the substrate surface is considered to be energet-
ically heterogeneous. The energy sites are located randomly, and the probability
of occurrence for a particular adsorptive potential can be calculated from the
Gaussian function.
The assumption of a mobile adsorbed film is compatible with experimental
evidence. Ross and coworkers (25-27) have shown that argon or nitrogen adsorbed
films on a variety of substrates are described best as two-dimensional mobile
films. The same conclusion was made by Cochrane, et al. (33) for xenon adsorption
on graphitized carbon blacks. Theoretical calculations by Hill (7) indicate that
the transition from localized to mobile adsorption occurs at very low temperatures
for potential barriers of 1000 cal./mole and less.
The results of the field-emission microscope studies of argon, krypton,
and xenon adsorption on the tungsten tip of the microscope indicated that physically
adsorbed molecules are mobile at low temperatures (2-70°K). These studies also
present direct visual evidence for the heterogeneity of surfaces. A summary of
these results from the field-emission microscope studies of Gomer (34) and
Ehrlich, et al. (35) is given by Hobson (36).
An important aspect of the Ross-Olivier theory is the energy heterogeneity
of the substrate. A consideration of the configuration of the cellulose polymer,
of the presence of crystallinelike regions, and of the irregular fiber surface
suggests an energetically heterogeneous cellulose substrate.
The Ross-Olivier theory is complete thermodynamically, unlike other
methods which also account for the heterogeneity of the substrate [cf. Hobson
(24) and Adamson and Ling (20)]. An estimate of the monolayer capacity and a
distribution of adsorptive potentials are provided; the temperature invariants
of these parameters is a requirement of the theory. The Ross-Olivier theory has
been applied to the argon - cellulose system by Barber (29).
THE ROSS-OLIVIER THEORY FOR MONOLAYER ADSORPTION
AND THE METHOD OF APPLICATION
The Ross-Olivier form of Equation (l), with the Hill-deBoer adsorption
equation substituted for *(P,T,Uo) and with the Gaussian probability function
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substituted for 0(U ), yields an intractable integral. To obtain a solution, the
integral is replaced by a sum of i elements. Each element of the sum represents
the adsorption on sites of the same adsorptive potential, Uoi These adsorption-
sites are called elemental homotattic patches by Ross and Olivier. Each homo-
tattic patch behaves as a uniform and energetically homogeneous region upon which
the adsorption is described by the Hill-deBoer equation,
6i 2WeO
p = Ki 1- ) exp RT (6)
where P = equilibrium pressure
K. = a constant related to U of each patch
-1 -o
0. = fraction of monolayer completion for patch i
R = gas constant
T = absolute temperature
alP = two-dimensional van der Waals' constants, corresponding
to a and b, respectively.
The frequency of occurrence of a homotattic patch with the particular
adsorptive potential, U oi, is given by the Gaussian probability function,
di
fi = dU =0(Uo) (7)
The term dS. represents the fraction of the surface having an adsorptive potential
1
between Uoi and Uoi + dU . It is a necessary condition that the summation of d5.-01 -oi -o o
over the permitted values of U be equal to unity,-o
Uo final
U ini 0(o)(odU = 1 (8)
o initial
Ross and Olivier confine the adsorptive potentials to a range of 5.0 kcal./mole.
The terms U initial and U final represent the values of the adsorptive potential-o initial -o final
at which the frequency of occurrence is f. = 0.001. This approximation is imposed
without significantly altering the area under the distribution curve. The
Gaussian probability function is used in the form
fi 0(Uo) = exp(-y (Uo - Uo)2) (9)
where U' = the mean adsorptive potential of the total surface and is
-o
taken to be 2.5 kcal./mole for the generation of model values.
y = the heterogeneity parameter and is related to the standard
deviation, a, of the distribution by
Y= 1 (10)
2a
n = the normalizing factor as given by
n = 5 exp (-7 (Uo-U'o)2 )dUo (11)
For each distribution curve which corresponds to a particular value of
7 (refer to Fig. 1), the range of adsorptive potentials between Uo initial and
U l is divided into fifty parts. This procedure effectively divides the-o final
surface into fifty finite patches, each of which is defined as that fraction,
A.Si of the total surface having an adsorptive energy between U and U + AUO,
where AU = ( final- Uo initial)/5 0 ' The term Uoi is the midpoint value for
the ith patch (i.e., U = U .. al + 1/2AU ; U U + AU ).
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A subdivision of fifty is used by Ross and Olivier in the generation of model
isotherms. A greater subdivision, of one hundred for instance, results in more
uniform model isotherm curves. For use in the computer, integrations are replaced
by sums and differential quantities are replaced by step values.




It is possible to calculate A from thermodynamic considerations of the model.
However, for model isotherm generation A is arbitrarily chosen so that in Equation
(13) K. = 1 when U = U' = 2.5 kcal./mole and T = 77.5°K.-1 -o0 -o 
For a particular set of two-dimensional van der Waals' constants, a
and ~, and for an arbitrarily chosen equilibrium pressure, the Hill-deBoer
equation [Equation (6)] is solved by trial and error for the e. of each patch of
adsorptive potential U .. As the adsorptive potential of the patches is increased,
K. decreases, and the fraction of coverage, ei, increases. The type of adsorbate
gas which is used experimentally determines the values of a and B to be used in
Equation (6).
The overall monolayer coverage, ®, for each equilibrium pressure is the
average of the fraction of patch coverage weighted by the fraction of total surface
represented by that patch of adsorptive potential U ..
® =I Ab .e (14)
i
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In order to complete the model isotherms, this procedure is repeated for several
assumed equilibrium pressure values. A model isotherm for a particular value of
7 (the value of y determines the values of U initial and U fi and, consequently,
the values of A6.i Uoi, and Ki) is obtained in the form ® versus P. A series of
model isotherms which have been converted to the form In 0 versus in P/K' is
presented in Fig. 2.
In order to interpret experimental data in terms of the Ross-Olivier
theory (12), it is necessary to compare the experimental isotherm with a series
of model isotherms of various values of 7. The series of isotherms is selected
for that particular value of 2a/RTB needed to describe the adsorbate gas. The
experimental isotherm in the form lnV (volume adsorbed) versus InP (equilibrium
pressure) is superimposed on the model isotherm. The experimental isotherm is
positioned so that a best fit with one model isotherm is obtained. The scale of
the axes of the two plots must be identical. After a match is obtained, the
displacements of the axes yield the parameters V and U' . The vertical axis
- -- o
displacement is lnV , and the horizontal axis displacement is InK' [which is
related to U' through Equation (13)]. The value of 7 is characteristic of the-o
particular model isotherm that was used for the match. The matching procedure is
illustrated in Fig. 2. The parameters that are obtained through this matching
procedure characterize the surface as to monolayer capacity, mean adsorptive
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Purified Stoneville-2B cotton was selected as the cellulosic substrate.
The impurities in cotton - waxes and pectic substances - can be removed with a
mild chemical treatment. The cotton used in this study was of the same origin as
that used by Sommers (37) and by Barber (29).
PURIFICATION OF COTTON
The cotton was purified using Sommers' modification (37) of the method
of Conrad (38). The purification procedure consisted of a sorting operation,
followed by extraction with 95% ethanol, 1.0% boiling caustic, boiling water, and
0.5% acetic acid. Appendix I contains a detailed description of this purification
procedure.
SOLVENT EXCHANGE AND DRYING
The solvent-exchange apparatus of Barber (29) was used to remove imbibed
water from the fibers. The apparatus was modified to accomodate three samples
simultaneously. A schematic diagram of the apparatus is shown in Fig. 3.
Sample bulbs were fabricated from pyrex test tubes and were filled with
purified cotton using the technique of Sommers (37). Water was replaced by
organic solvents in the sequence methanol - dried methanol - n-pentane - dried n-
pentane. The solvent-exchanged samples were dried with nitrogen which had been
passed through a drying train of phosphorous pentoxide. Dry methanol was prepared
by the method of Lund and Bjerrum (39); n-pentane was dried by refluxing over an
extruded ribbon of sodium. Reagent-grade methanol, Phillips 66 pure grade n-
pentane and prepurified nitrogen were used in these operations.
-22-
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Figure 3. Apparatus for the Solvent Exchange and Drying
of Samples
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The number of exchanges and the contact times varied somewhat for
different samples. The purpose of the solvent exchanges was to develop more
surface area than would be developed in fibers dried from water. Development of
similar surface areas for all samples was not intended. However, an exchange-
time schedule was followed as closely as possible. This schedule is given in
Appendix I.
MEASUREMENT OF ADSORPTION ISOTHERMS
APPARATUS
The apparatus used for this adsorption study was that of Haselton (40)
with modifications made by Merchant (41). A complete description of the design
and the method of operation of the adsorption apparatus has been presented by
them. With this equipment, adsorption isotherms are determined volumetrically.
The apparatus is shown schematically in Fig. 4.
METHOD OF OPERATION
Solvent-exchanged samples were outgassed for about fifteen hours at a
temperature within the range of 50-60°C. A pressure of less than 2.0 x 10 mm.
Hg could be maintained during adsorption runs. A series of adsorption isotherms
for one sample could be completed in six days. Equilibrium pressures less than
0.35-0.40 times the adsorbate saturation vapor pressures were investigated.
Sample deadspace determinations were made with prepurified helium at
each isotherm temperature. Results of the deadspace determinations are presented
with the adsorption data in Appendix III.
The operational procedure for the adsorption apparatus was a combination

























procedure used by Barber (29). The gas buret, B, and a manometer, M, were used
to measure the volume of gas added and the equilibrium pressure and volume. Stop-
cock S2 was used to add gas to the buret and to expose the sample to the gas. The
mercury level was lowered to the bottom of the gas buret before stopcock S2 was
opened to the sample. The upper bulbs were used to add small volumes of gas and
to attain more sensitive pressure readings in the low pressure range. The
advantages of this method are that large or small volumes of adsorbate gas can be
added, that low equilibrium pressures can be measured with greater accuracy, and
that duplicate volume-pressure readings can be made by raising or lowering the
mercury level to different bulbs in the buret.
Either liquid oxygen or liquid nitrogen was used in a constant temper-
ature bath on the sample during the deadspace determinations and the adsorption
data collection. Saturation pressures of the adsorbate gas were determined
manometrically with M2 when possible. When saturation pressures were too large
for this type of determination, an oxygen gas thermometer was used to determine
an accurate bath temperature. Saturation pressures were deduced from the known
bath temperatures.
THE HEAT OF WETTING DETERMINATIONS
SELECTION AND PREPARATION OF THE WETTING LIQUIDS
The heat of wetting of cellulose was determined by the method of
Chessick, et al. (32). It is important that the surface available for gas
adsorption be maintained during the heat of wetting study. Thus, a prerequisite
in the selection of the wetting liquids was that no significant swelling of the
fibers should occur during wetting. If no swelling occurred, or if swelling was
small so that the heat generated by the swelling was negligible, the heat of
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immersion of the cellulose in the wetting liquid would be equal to the heat of
wetting plus the heat of bulb breaking.
A series of benzene and substituted benzene liquids was used - benzene,
chlorobenzene, nitrobenzene. Robertson (42) in a study of the swelling effects of
various liquids on cellulose found that liquids with a molar volume greater than
100 cc. produced insignificant swelling in cellulose. In Robertson's work the
fibers were immersed in organic liquids, solvent-exchanged to benzene, and the
accessibility of the cellulose to thallous ethylate was measured in benzene. The
accessibility was considered to reflect the swelling of the cellulose in the initial
organic liquid. Although the molar volume of benzene is less than 100 cc., the
swelling effect was found to be small. The molar volumes of chlorobenzene and
nitrobenzene are greater than 100 cc.
The wetting liquids must be relatively free of water since water probably
would be adsorbed preferentially. The measured heat of immersion would be primarily
the heat of sorption of water and the heat of swelling of the cellulose fibers. It
was determined that the effects of 1-2 p.p.m. of water could not be detected in the
calorimetric determination of the heat of wetting. After purification, the wetting
liquids were placed in contact with 4 A molecular sieve, followed by treatment with
calcium hydride. After treatment, the water content of the liquids was found to
be less than 2 p.p.m. The water determinations were made with a gas chromatograph
equipped with a thermal conductivity sensor and a Por-Pak Q column for liquid
separation. The liquids were stored over calcium hydride in a sealed glass container.
Detailed procedures for the purification of the liquids and for the water
determination are presented in Appendix II.
-27-
APPARATUS
The heats of immersion for cellulose in wetting liquids of various
dipole moments were determined in a differential calorimeter. A linear quartz
thermometer was used to measure changes of temperature during the determinations.
The calorimeter design was basically that of Kraus (43) and Berghausen (44) with
several modifications for the purpose of decreasing the heat capacity and increas-
ing the response of the system to temperature changes. The calorimeter was
constructed by P. Brown (45); the accuracy is 0.05 calorie.
Quartz Thermometer
The thermometer was a Hewlett-Packard, linear quartz thermometer,
model HP2801A. Temperature is given as a six-place direct digital display with
resolution of 0.01, 0.001, or 0.0001°C. The quartz thermometer is an integrating
device, providing an average value of the probe temperature over a fixed reading
time. Reading times are related to the resolution selected; sample periods are
0.1, 1.0, and 10 seconds for resolutions of 0.01, 0.001, and 0.0001°C., respectively.
A more detailed description of the thermometer and the quartz crystal
as a temperature sensor is given in Appendix II.
Calorimeter
The calorimeter and peripheral equipment are shown in Fig. 5-7. The
calorimeter was a twin chamber arrangement insulated by a dead-air space from
above and by a silvered dewar surrounded by polyurethane foam. In Fig. 5-7,
Vessel 1 has been replaced with a demonstration jacket.
Each chamber contains an immersion heater, a temperature probe, a
stirrer, and a platform arrangement for supporting the sample bulb. The sup-


















Differential Calorimeter for Heat of Wetting Determinations:
1) Submarine Jacket 2) Dam 3) Indicating Drierite 4) Stirring-
Rod-Drive Cable 5) Inlet Tube
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Figure 7. Reaction Chamber for the Differential Calorimeter: 1) Stirring
Rod 2) Support Rod 3) Vacuum Line for Admission of Dried
Nitrogen 4) Sample Bulb 5) Immersion Heater 6) ThermometerProbe
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with a plastic spacer. The stirrers were made from pyrex glass rod. The impeller
blades were pitched so that the wetting liquid was forced down from the top and
up from the bottom toward the sample. The stirrers were powered by a synchronous
motor and timing belt drive to assure uniform and constant stirring rates in each
chamber. Internal immersion heaters were made from 18 gage nichrome wire. The
heaters were operated from a 6-volt storage battery. The circuit included a timer,
milliameter, and a switch for selecting the combination of heaters desired. A
connection to a.c. line power for bringing the chambers to some temperatures before
initiation of a determination was provided in the circuit also. The 6-volt storage
battery was always used to determine the heat capacity of the system.
Among the peripheral equipment shown in Fig. 5 is a water bath maintained
at 30.00 + 0.01°C. and a swivel support for moving the calorimeter to and from the
bath.
A hollow plug which fits into the dewar and seals the chamber is not
shown in Fig. 5-7 since it would obscure the details of the sample bulb support,
etc. Design details of the plug, calorimeter, and electrical circuit are presented
in Appendix II.
Method of Operation
In preparing the calorimeter for a determination, the dewar vessels were
washed with acetone, washed with sulfuric acid saturated with dichromate, rinsed
thoroughly with distilled water, rinsed with absolute ethanol and placed on the
calorimeter. An ethanol-azeotrope was formed, and the chambers were dried by
evaporation of the azeotrope. Nitrogen gas was passed through a liquid nitrogen
trap to remove any moisture and admitted to the chamber via the connecting line
(Fig. 5 - no. 9) and inlet tube (Fig. 7 - no. 3). The gas and evaporated ethanol
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escaped the chamber by a second inlet tube (Fig. 6 - no. 5). Several hours were
required to dry the chamber in this manner.
The dried wetting liquid was transferred to a separatory funnel. The
transfer was made in a dry-box and the liquid was stored in the funnel over
calcium hydride until it could be transferred to the calorimeter. The top of the
second inlet tube into the chamber (Fig. 6 - no. 5) was a female ground-glass
joint. The separatory funnel was fitted with the male counterpart so that a good
connection could be made. A nitrogen gas line was connected to the top of the
funnel and the wetting liquid was forced into the calorimeter chamber. Calcium
hydride was added to the chamber to remove any water sorbed by the wetting liquid
during transfer. After removal of the funnel, the inlet tube was plugged with
a serum cap. The wetting liquid and the water in the reference chamber were brought
to approximately 30.0° C. with the immersion heaters. Thermal equilibrium of the
calorimeter required 12-18 hours. After the temperature in the two vessels had
stabilized, a determination was started. A temperature base line was established
over a period of several minutes; the sample bulb was broken and again a base line
was established after the temperature had stabilized. The heat capacity of the
system was determined by adding a known amount of energy to the immersion heater
and observing the temperature change within the vessel.
A typical plot of temperature versus time for a heat of wetting
determination is shown in Fig. 8. The heat of wetting is calculated from the
following equations:
HI = R I2t(AtA/At) (15)IA 
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HI = heat of immersion
H = heat of wetting
H-BB = heat of bulb breaking
R = resistance of immersion heater
I = current to immersion heater
t = time
AtA = temperature increase after bulb breaking-A
tB = temperature increase during heating with immersion heater
The heat of bulb breaking, HBB, was determined by the breaking of an
empty sample bulb during a mock heat of wetting determination. The heat generated
in breaking the sample bulb was calculated by Equation (15).
-35-
EXPERIMENTAL RESULTS AND DISCUSSION
CAPILLARY CONDENSATION
This adsorption study was carried out at low relative pressures
(P/P < 0.4) where capillary condensation is not significant. No hysteresis
occurs in the isotherms for adsorption on cellulose at low relative pressures
(37, 46). Entrapment of adsorbate within the pores was not expected to present
a problem.
SURFACE AREA STABILITY
Several of the adsorption isotherms were repeated after samples had
been exposed to a vacuum for as long as sixteen days. Since isotherms could be
duplicated, it was evident that the surface area of the samples was constant
during adsorption runs.
The cellulose fibers were solvent-exchanged from water and dried. It
was intended that this process should develop more fiber surface area than would
have been developed in drying the fibers directly from water. No attempt was made
to develop the same surface area in all samples.
SOLVENT ENTRAPMENT
Merchant (41) suggested that the solvent-exchange procedure leaves
residual liquid mechanically entrapped and sealed in the pores in the fiber
structure. Merchant demonstrated that entrapped liquids were released during
moistening of a solvent exchange, dried sample. Barber (29) showed that any
entrapped solvent accessible to adsorbate molecules was removed during heating
and outgassing of his samples at a low pressure (< 10-6 mm. Hg). Barber noted
-36-
no significant change in U' and y for a solvent exchange, dried sample after
-O
humidification and redrying. Gas molecules are adsorbed onto the fiber surface,
not on a film of residual solvent.
HEAT OF WETTING DETERMINATIONS
The heat of wetting was calculated by Equations (15)-(16) from the
calorimetric data presented in Table I. The heat of wetting in various liquids
vs. the dipole moment of the wetting liquid is shown in Fig. 9. The slope of the
best straight line through the data is an estimate of the surface electric field
of the fibers. Linear regression analysis was used to determine the slope of
this line. Confidence limits were established so that a range of solutions was
possible; any line outside this range is treated as a nonsolution. The degree of
confidence that a line outside the range is not a solution is 95%. The average
surface electric field calculated from the slope of the line of best fit and from
the maximum slope of all possible solutions was too weak to induce a significant
dipole moment in the adsorbed molecules. These calculations are presented in
Appendix III. An estimate of the average electrostatic field strength of the
cotton-cellulose was found to be 0.13 x 105 esu/cm. .
The surface electric field strength of several substrates was determined
by Chessick, et al. (32) with the heat of wetting method. The validity of the
method of Chessick, et al. is based on the approximation that the heat effect due
to the adsorption of a monolayer is given by
(hI(SL)-hL)
where
hI(SL) = the heat of immersion of the clean solid surface per unit area
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The heat effect is related directly to the net energy of adsorption, (EA - EL),
by
hI(SL) - h = NA(E -L) (17)
where
N = the number of molecules adsorbed per unit area in the monolayer
.-A
(E - EL) = the net integral energy of adsorption for a molecule in the
monolayer.
The quantity (EA - EL) represents the energy involved in removing a molecule from
the bulk liquid and adsorbing it onto the surface; thus, (EA - EL) represents the
interaction between the surface and an adsorbed molecule and does not include
interactions between adsorbed molecules and themselves.
Assuming that interactions in the adsorbed state are the same as in the
liquid state,






contribution from nonpolar van der Waals' forces
contribution arising from the permanent dipole of
adsorbate and the substrate surface electric field
contribution due to the induction of a dipole in
adsorbate
It is assumed that the differences in the total adsorption energy in various
wetting liquids within a homologous series of liquids arise primarily from E ,
thus
where
EA - EL= E= = (F) + A
the intercept A= E + EW
The slope of a plot of the heat of wetting (L- EA ) vs. the dipole moment of the
wetting liquid, Cl, is a measure of the average electrostatic field strength, F.
The intercept gives an average value for the dispersion energy, Ew, since E
--a
is usually small.
The results obtained for cotton fibers are compared with the results
for other solids in Fig. 10 and Table II. The heat of wetting studies by Chessick,
et al. (32) were carried out in a series of n-butyl derivatives. Therefore, a
direct comparison of the dispersion energy for these solids and for cellulose is
not valid. Two different sets of data are presented in Table II and Fig. 10.
TABLE II





























bAll data except cotton cellulose is from Reference
Determination made in straight-chain hydrocarbon.
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Figure 10. Determination of the Polarity of Solid Surfaces. The
Slope of the Straight Line Gives the Average Electro-
static Field Strength of the Surface. Close-Packed
Perpendicular Array and Same Distance from the Dipole

















THE SIGNIFICANCE OF A SURFACE ELECTRIC FIELD
The substrate can cause perturbations of the lateral interaction
potentials of adsorbed molecules. These perturbations are reflected in the
operative values of the two-dimensional van der Waals' constants, a and P. Since
the constants a and B describe the series of theoretical adsorption isotherms
with which the experimental isotherms are compared, it is important to know the
operative values of a and B for each substrate-adsorbate adsorption system.
For the ideal situation, the interaction of adsorbed molecules is
identical with that in the gas phase. In this particular case, the operative
values of a and f are calculated from the three-dimensional van der Waals'
constants, a and b.
a= a( - b /3 (20)
2b( = s )1/3 (21)
= .-. 25-6b (21)
a/ = a/2b (22)
However, the values of a and ¢ from Equations (20) and (21) do not apply if the
adsorbate is either polarized or oriented by the substrate. The ideal values of
a and p must be corrected for orientation and polarization perturbations of the
adsorbate.
The calculations in Appendix III show that the polarization of argon
and nitrogen by the cellulose electrostatic field is very small. The dipole moments
induced in argon and nitrogen are 0.0217 debye and 0.0317 debye, respectively.
The changes in a due to these small polarizations are 0.11% for argon and 0.21%
for nitrogen. A correction of this magnitude can be ignored. Considering only
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polarization effects, a series of theoretical isotherms generated from the
operating values of a and f cannot be distinguished from a series generated from
the ideal values of a and A. Figure 11 illustrates this point; a correction of
a of nearly 3% is required to cause a significant change in the shape and position
of the theoretical isotherms.
The argon molecule is spherical, and as an adsorbed molecule, it is
incapable of orientation. The ideal values of a and B calculated in Equations
(20) and (21) are used to determine a series of theoretical isotherms with which
the experimental argon adsorption isotherms are compared. The nitrogen molecule
is capable of orientation in two positions - flat and upright - in which the plane
of the molecular axis of symmetry is parallel and perpendicular to the substrate
surface, respectively. As discussed, orientation of the adsorbate affects the
lateral interaction potential as reflected by a change in a. The orientation of
nitrogen also affects B - the surface area covered per molecule. More area of
the substrate surface is covered per molecule when the orientation is flat. The
influence of the molecular orientation of nitrogen on the average operating values
of a and P is shown in Fig. 12. Also shown in Fig. 12 is the influence of orien-
tation on the average molecular diameter.
EXPERIMENTAL ISOTHERM TO MODEL ISOTHERM COMPARISON
AND VERIFICATION OF THE CURVE MATCHING
EXPERIMENTAL ISOTHERM TO MODEL ISOTHERM COMPARISON
Ross and Olivier (12) have indicated that a unique match can be found
for the experimental to model isotherm comparison if the operative values of a and
B are known. However, in practice, several curve matches can be found in a series
of model isotherms calculated for one value of a/@, and a verification is required
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As reported by Barber, the following convention for isotherm matching
was used:
The experimental ln-ln plot was matched with
the theoretical In-in plot with the position
of the experimental plot as far to the right
as possible. Use of this convention resulted
in minimum values of Vo and maximum values of
U'o . Since multilayer adsorption was observed
at low monolayer completions resulting in an
inflection in the ln-in plots, this convention
allowed for making use of the greatest part of
the monolayer part of the ln-ln curve possible
(55).
Because yo U'o, and V are temperature invariant, the number of possible
isotherm matches can be reduced. For a given substrate-adsorbate system, an
equivalent set of these parameters must result from a comparison of the 77.4°K
experimental and model isotherms and from a comparison of the 90.2°K isotherms.
Model curves for argon adsorption were generated at 0.1 intervals in the hetero-
geneity parameter, y; for nitrogen adsorption, model curves were generated at 0.2
intervals in 7. The 0.2 interval was used to generate model curves for values of
y less than 2.0 because intervals of 0.1 resulted in isotherms that were similar.
Comparisons of the observed and calculated mean adsorptive potentials
and the experimental and theoretical isosteric heats were used to verify the
selected experimental to model isotherm match.
VERIFICATION OF ISOTHERM MATCH BY A COMPARISON OF EXPERIMENTAL AND
THEORETICAL ISOSTERIC HEATS OF ADSORPTION
Theoretical or model isosteric heat curves are determined by extending
the procedure for developing model adsorption isotherms as outlined in pages 14-19.
In the model isotherm development, ® was determined as a function of P/K',
-47-
n
® = I i . 2= A 1 + 2 n+ n. + A  (14)
i=1l
For the model isosteric heat development, Equation (14) was expanded to include
the mean adsorptive potential of each homotattic patch:
intU0 Abi iU0o Ai 1i + A ^ 2A + .+ b zienuo (23)The integral potential of each patch, U n, is the product of the area covered
-o
and the adsorptive potential per unit area. The differential adsorptive potential,
Uo , was determined on the computer as AUint /A. The differential heat of
diff
adsorption, q , was determined as,
diff diff - in + ia
= AEkin + aP (24)
-where
aPia = 2ao/P (25)
and is the overall adsorbate-adsorbate interaction potential on a heterogeneous
surface. The isosteric heat was determined from q ,
qst = qdiff + RT (26)
A series of model isosteric heat curves is presented in Fig. 13. The shape of the
model curves depends upon the values of a, P, 7, and K'. By selecting the operating
values of a and f for the adsorption system and the values of K' and y from the
curve match, one can generate a model isosteric heat curve corresponding to that
experimental to model isotherm match. The isotherm match can be verified by
comparison of this model isosteric heat curve with one calculated from experimental
0 0.2
Figure 13. Model Isosteric Heat Curves
as a Function of S, Based on
the Model of a Mobile Adsorbed






















adsorption data. If experimental adsorption isotherms are measured at two temper-
atures not too far apart, isosteric heats of adsorption can be determined by the
Clausius-Clapeyron equation:
st T1 T
q = R(T2-)n P2/p1 (27)T2-T 1 2 1
VERIFICATION OF ISOTHERM MATCH BY A COMPARISON OF OBSERVED AND
CALCULATED MEAN ADSORPTIVE POTENTIALS
Ross and Olivier (56) showed that at ® = 0.4, U diff U so that,
o = %=0.4 - 3R(T-+2T) - .8 / (28)
assuming the adsorbed molecules are in the ground state of vibration with respect
to the surface and no change occurs in the rotational energy on adsorption. The
isosteric heat of adsorption at ® = 0.4 (designated as q = .) is determined by
the Clausius-Clapeyron equation, Equation (27), if experimental isotherms have
been measured at two temperatures.
The approximate values of U' calculated in Equation (28) are denoted
as U' (observed). The values of U' determined in the curve matching procedure
are designated as U' (calculated). A comparison of calculated and observed
values was presented by Ross and Olivier for numerous substrate-adsorbate systems
(57). Agreement generally was within 6%. For cotton cellulose-argon, Barber
(29) obtained a 3% agreement.
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THE CELLULOSE - ARGON ADSORPTION SYSTEM
THE ANALYSIS OF THE ADSORPTION PARAMETER K'
For the Ross-Olivier model the mean adsorptive potential, U'o, of a
substrate is calculated by Equation (29).
K' = A° exp(-U' /RT) (29)
The adsorption parameter K' is determined in the experimental to model isotherm
match, and for the mobile adsorbed film, A is calculated by:
AS t ArotS aFv aE b kin e
where
tr
-AS = the change in translational entropy per mole in the
-s
standard state on adsorption
AS = the change in rotational entropy on adsorption
Fvib
a- = the additional Gibbs free energy of the adsorbed phase
due to molecular vibrations with respect to the surface
Evib
a-o = the average vibrational energy of an adsorbed molecule at 0°K
AEkin = the change in the kinetic energy per molecule on adsorption
from the total kinetic energy in the gas phase to the kinetic
energy of translation and rotation in the adsorbed phase
0 = fraction of the surface covered at the standard state of the
adsorbed phase.
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The calculation of U' and the analysis of K' increases in difficulty with more
o
complex adsorbate molecules. However, for a monatomic gas adsorbed at low tem-
peratures, the analysis of K' is not difficult. For argon adsorption at a low
temperature, the adsorbed molecules are assumed to be confined in the ground
state of vibration with respect to the surface. Thus,
F ib E ib = RT ln(l - exp(-hv/kT)) 0. (31)
a ao
Also,
Ekin = -1/2RT (32)
-ASr = (R/2)(lnM + lnT) + 2.30 (33)
s
where
M = adsorbate molecular weight
v = vibrational frequency with respect to the surface
k = Boltzmann constant
h = Planck's constant
The argon molecule has no rotational energy or rotational entropy in either phase
so that AS = 0. With these conditions, Equation (30) is reduced to a manage-
able form,
slnA = -AS//R - 1/2 - n1--- + ln7
60 (34)
These simplifications are assumed to be correct if a plot of the logarithmic form
of Equation (29),
lnK' - lnA = -U'o/RT, (35)
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is a straight line with intercept at the origin. If the line does not pass through
the origin, the assumption that the temperature of the experiment was low enough
to confine the adsorbed molecules to the ground state of vibration is not valid.
The validity of this assumption with respect to argon adsorption at 77.4°K and
90.2°K is shown in Fig. 14. The plot of Equation (35) is in the form (lnK' -
lnA ) vs. 1/T.
ADSORPTION PARAMETERS
The Ross-Olivier parameters for argon adsorption on cotton cellulose at
77.40K and 90.2°K are presented in Table III. The adsorption parameters for samples
used in the heat of wetting study are presented in Table IV. The operative values
of a and B were calculated from Equations (20) and (21). The ideal values and
the operative values of a and B were the same because the small electrostatic
field of cellulose had induced an insignificant polarization of the adsorbed argon
molecules.
A range of values for acceptable curve matches is reported for y. The
values of y used in generating a series of model curves were chosen arbitrarily.
The experimental isotherm was bracketed by model isotherms to emphasize that the
experimental curve may not match one of the chosen models but might match better
a curve within that range.
The adsorption isotherms, experimental to model isotherm matches, and
comparisons of isosteric heat curves for the cellulose-argon adsorption system are
presented in Appendix III. The experimental and theoretical isosteric heat curves
were within 5-7% agreement. A comparison of observed and calculated values of U'
is presented in Tables V and VI; these values were within 3% agreement except Sample
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TABLE III
ADSORPTION PARAMETERS FOR COTTON CELLULOSE - ARGON




























































7 = heterogeneity parameter
V = Ross-Olivier monolayer capacity, cc:(STP)/g.
V = BET monolayer capacity, cc.(STP)/g.
U' = mean adsorptive potential, kcal./mole
TABLE IV
ADSORPTION PARAMETERS FOR COTTON CELLULOSE - ARGON










































































































COMPARISON OF OBSERVED AND CALCULATED VALUES OF U'
HEAT OF WETTING SAMPLES
CELLULOSE - ARGON
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THE CELLULOSE-NITROGEN ADSORPTION SYSTEM
THE ANALYSIS OF THE ADSORPTION PARAMETER K'
A diatomic adsorbate molecule makes the analysis of K' and the calculation
of U' more complex. As with adsorbed argon, the adsorbed nitrogen molecules are-o
assumed to be confined in the ground state of vibration with respect to the surface
so that
Fvib E ib - 0. (31)
a a o (
The validity of this assumption for nitrogen adsorption is shown in Fig. 19, as a
plot of Equation (35) intercepts at the origin. As before, AStr was calculated by
-s
Equation (33); no change in the rotational energy on adsorption was assumed (12),
so that
AEkin = -1/2RT. (32)
The rotational entropy of nitrogen in the gas and adsorbed phases was
calculated by the following equations (assuming that the nitrogen molecule acts
as a rigid rotor).
rot = Rl oQr t RTd(Q ) (36)S RlnQ + RT (36)
00
Qrot = (2J+l)exp(-J)(J+l)p (37)
I=o
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rotQ = rotational partition function
Sr t = rotational entropy
I = moment of inertia
I= i miri (39)
i
where m = atomic mass
r = covalent radius
The partition function was determined by the Euler-Maclaurin series, which is a
good approximation to Equation (37).
rot iF 2 1- 1 3(40)Qrt = l1 + p/3 + p2/15 + 4 ,p./315 + ... ](4)
where o = the symmetry number.
Assuming that adsorbed nitrogen molecules were oriented in the flat position, the
change in rotational entropy for adsorption was calculated for the loss of one
degree of freedom,
AS = -1.29 x 10 - kcal./mole°K.
The mean adsorptive potential was determined from Equation (29) and from a more
general form of Equation (30),
AS r- AS ro 





The values of a and 3 as calculated from Equations (20) and (21) must
be corrected to reflect any orientation of the adsorbed nitrogen. The influence
of nitrogen orientation on a and B has been discussed and presented in Fig. 12.
The ratio a/B was determined for several orientation factors, x (cf. Fig. 12).
The orientation factor is the fraction of the adsorbed nitrogen molecules that
are in a flat or lateral position. A series of model adsorption isotherms were
calculated for each value of a/B, and an experimental to model isotherm match was
attempted for each series of model curves. Comparison of experimental to theoret-
ical isosteric heat curves and comparison of calculated and observed values of
U' were used to verify the isotherm match.
The Ross-Olivier parameters for nitrogen adsorption on cotton cellulose
at 77.40K and 90.2°K are presented in Table VII. The adsorption isotherms,
experimental to model isotherm match, and comparisons of isosteric heat curves
are presented in Appendix III. The experimental and theoretical isosteric heat
curves were within 5-7% agreement. For a representative sample these curves are
presented in Fig. 20-23. A comparison of observed and calculated values of U'
is presented in Table VIII; these values were within 2% agreement.
DISCUSSION AND COMPARISON OF THE RESULTS OF
ARGON AND NITROGEN ADSORPTION
The cotton cellulose presents a low potential surface which is extremely
energetically heterogeneous (low value of y, cf. p. 15); this is apparent from the
adsorption parameters presented in Tables III, IV, and VII. A consideration of
these characteristics of the cellulose surface, relative to what has been found
for other surfaces, is given in Table IX. The other surfaces were investigated by
Ross and Olivier (57).
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TABLE VII
ADSORPTION PARAMETERS FOR COTTON CELLULOSE - NITROGEN












































x = orientation factor, fraction of adsorbed molecules in the flat position
7 = heterogeneity parameter
V = Ross-Olivier monolayer capacity, cc.(STP)/g.
-f
V = BET monolayer capacity, cc.(STP)/g.
-m = mean adsorptive potential, kal./mole









COMPARISON OF OBSERVED AND CALCULATED VALUES OF U'
CELLULOSE - NITROGEN















































































Figure 22. Comparison of Experimental to Model Adsorption Isotherms
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:ellulose from Reference (57).
The cellulose surface shows a greater energy heterogeneity in the
adsorption of nitrogen than in the adsorption of argon. However, within the range
of y values to infinity (7 = c represents a homogeneous surface of uniform
adsorptive potential), the difference between 7 = 1.7-1.9 and y = 2.3-2.5 for
nitrogen and argon adsorption, respectively, is insignificant. Nitrogen is more




















field is incapable of inducing a significant dipole moment in adsorbed nitrogen,
polar forces are negligible; the increase in the adsorptive potential for nitrogen
is a result of an increase in the strength of the nonpolar dispersion forces.
There are several reasons for the increase in adsorptive potential for
nitrogen. As a consequence of the additivity of the van der Waals' forces, the
adsorption energy will be higher as there are more direct contacts between adsor-
bent and adsorbate atoms. Adsorbed nitrogen in the flat position presents two
atoms for interaction with the surface whereas argon presents one. Due to the
multiple bond, the electron density of the nitrogen molecule is such that inter-
action with the electron cloud of the surface atoms is more favorable than in the
argon molecule, where the electron cloud is spherical.
Nitrogen is expected to be oriented in the flat position in the absence
of a strong average electrostatic field. According to the results in Table VII
about 80% of the adsorbed nitrogen molecules were oriented in the flat position.
It must be mentioned, however, that if all adsorbed molecules were rotating freely,
two-thirds of the molecules would be found in the flat position at any point in
time. An orientation of 80% in the flat position represents a slight preference
for that position. Molecules that are standing on end are not in the upright
position because the electrostatic field presents an energy barrier to the rotation
of the molecular axis out of the upright alignment. Calculation of this energy
barrier by the following equations,
P O= F2/2 ( 2) (42)
x = exp(-prt/RT) (43)
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where p = energy barrier to rotation
F = surface electric field
l-2 = molecular polarizability in the upright and flat
orientations, respectively
rot
x = fraction of molecules with energy greater than p
indicates that more than 99.99% of the adsorbed molecules have enough energy to
overcome the barrier to rotation provided by the surface electric field. The 20%
that are standing on end are probably in that position because nearly.60% of all
adsorbed molecules are rotating freely. For freely rotating nitrogen molecules,
the probability of a molecule lying flat on the surface is twice the probability
of a molecule standing on end; if 60% of all adsorbed molecules are freely rotating,
20% of all adsorbed molecules are upright. Therefore, the adsorbed film appears to
be a mixture of freely rotating molecules and molecules lying flat on the surface.
No trend in U' and y with increasing argon and nitrogen surface areas
is indicated. It is reasonable to conclude that the additional surface developed
in the samples with higher surface area had the same adsorption characteristics
(similar values of U' and 7) as the accessible surface in the samples with low
surface area. Barber (29) observed values of U' and y that were similar for a
water-dried sample and a solvent exchange, dried sample. The former sample exhibited
1% of the surface area of the latter. The surface area of these samples was
determined by argon adsorption.
The ratio of surface area as found by argon to that found by nitrogen
adsorption (zA/EN ) versus the surface area by argon adsorption (EA) is shown in
- -_ 
Fig. 24. An increase in EA/EN with a decrease in EA is noted. Since no trend in
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that less surface became available or accessible to the nitrogen molecule as
compared to the argon molecule as the surface area for argon adsorption decreased.
The Ross-Olivier theory predicts monolayer capacities, V , that are
several times greater than the monolayer capacities, V , preducted by BET theory.
The discrepancy between these two values for argon adsorption increases with
decreasing substrate adsorptive potentials (12, 29). Barber (29) estimated the
surface area of rayon samples from measurements of fiber cross-section perimeters.
The estimate by Barber is expected to be low because of an inability to determine
the roughness of the surface on a molecular scale. However, the geometric area
was nearly twice as large as the surface area calculated from the BET monolayer
capacity for argon adsorption. The surface area calculated from VB was greater
than the geometric area.
A discrepancy between the monolayer capacities and the surface areas
determined from Ross-Olivier and BET theories is noted also for nitrogen adsorption.
A comparison of surface areas (zRO and SBET) is presented in Table X. All BET
plots exhibited a linear region from which the slope and intercept of the straight
line was easily determined. Calculation of R-O and BET surface areas at both
temperatures were made with the value of 3 as the estimate of molecular area,
E(m.2/g.) = 0.269 P V (cc:/g.) (44)
or
E(m.2/g.) = 0.269 P Vm (cc./g.) (45)
where
= 13.6 x 10 1 6 cm.2/molecule for argon
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= 16.0 x 10-16 cm.2/molecule for nitrogen - 78% flat
= 16.3 x 10-1 6 cm.2/molecule for nitrogen - 83% flat
As determined from Table X, the ratio E RO/BET is less for nitrogen than for argon
adsorption on the same sample. A comparison of this ratio with U' for argon and
nitrogen adsorption is presented in Fig. 25. In this manner, the ratio RO/1BET
for nitrogen adsorption can be correlated with the ratio for argon adsorption.
Figure 25 illustrates the increasing discrepancy between RZ - and aBET estimatesR-0 BET
with decreasing mean adsorptive potential.
Ross and Olivier (30) have suggested that the value of EB is an~~~~~~~- ~BET
estimate of the surface area having an adsorptive potential greater than that of
the adsorbate film. Those portions of the surface with an adsorptive potential less
than the adsorbate film remain sparsely occupied even as multilayers build up
on the more energetic portions. During multilayer buildup on the more energetic
regions, portions of the surface with low adsorptive potential remain uncovered
because adsorption on the adsorbate film is favored. Therefore, when a surface
is characterized by a low mean adsorptive potential and a broad distribution (small
value of 7), it is reasonable to expect a significant part of the total surface
not to be covered with adsorbate.
Cellulose is a low potential surface with a broad distribution of
adsorptive potentials, and a significant portion of the total surface remains
uncovered as multilayer buildup occurs. An estimate of the fraction of monolayer
coverage that is achieved before the occurrence of significant multilayer build-
up can be made from the experimental to model isotherm comparisons. The experi-
mental to theoretical comparisons are presented in Appendix IV, between Fig. 34-
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The rise in the experimental isotherm is interpreted as multilayer adsorption.
The fraction of monolayer completion, ®, is estimated by dividing the volume
adsorbed by V . These values are estimates since a judgment is required to deter-
mine the exact point at which the experimental and model isotherms deviate. The
estimates of 8 are presented in Table X; for argon adsorption, O = 0.37 and for
nitrogen, 8 = 0.56 as an average.
A consideration of clustering of the adsorbate suggests that these values
of 8 are good approximations for the fraction of monolayer coverage where multi-
layer buildup occurs. The clustering function as used here was developed by
Brown (54) from the work of McMillan and Mayer (58), Zimm (59), and Zimm and
Lundberg (60). Using previously presented notation (60) the clustering function
is given by 0111/V,
where
Gll = the clustering integral
01 = volume fraction
V1 = molecular volume of the adsorbate
The clustering function is equal to the mean number of adsorbate molecules near a
given adsorbate molecule in excess of the random expectation. At monolayer
completion, the clustering function is a minimum; the function increases during
multilayer formation (61, 62).
From gas adsorption data, the adsorbate volume (V1)
as a function of adsorbate pressure and mass is
known. The clustering function is computed by
01 G 1/V1 = 020 [(Zl/0l)/'zl]TP - 01 (46)
The volume fraction (0) is calculated from adsorbent
density and mass assuming additivity of volumes.
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The activity (z) is computed from a relationship
derived from the Berthelot equation. The deriv-
ative [6(zl/0l)/zl] is computed from the best
polynomial fit to the zi/0 versus zI data. After
determination of the derivative, the clustering
value in Equation (46) is computed using appropriate
volume fractions (54).
The clustering functions for argon and nitrogen adsorption on representa-
tive samples are presented in Fig. 26-27. It is seen that the minimums in the
clustering functions occur at ® = 0.39 for argon and 0 = 0.65 for nitrogen
adsorption, suggesting multilayer buildup at these points. An error of 10-15%
is expected in these values of 0 since the clustering function includes a
differentiation of point values on a curve.
The product of R and the fraction of monolayer completion, 0, is
R-0
the surface area covered before significant multilayer buildup occurs. These
areas are presented in Table X, and are similar to the BET estimate of the
surface area. For the low potential, cellulose surface, the BET estimate of
the surface area is a good representation of the surface portions covered with
adsorbate. However, the Ross-Olivier estimate of the surface area is a more
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Figure 27. Clustering Value vs. R-O Coverage for
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CONCLUSIONS
The surface electric field of cellulose was calculated from the results
of a heat of wetting study. The average cellulose surface electric field is 0.13
x 105 esu/cm. . At this strength the electrostatic field induces an insignificant
dipole moment in the adsorbed nitrogen molecules (± = 0.0317 debyes). This dipole
moment is insignificant because the resulting perturbations in the lateral inter-
action potentials of the adsorbed molecules are very small (the change in a is
0.21%). A 3% change in a is necessary to significantly change the shape of the
model isotherms of Ross-Olivier.
A reasonable description of the adsorbed nitrogen film is a mixture of
molecules freely rotating (about 60%) and molecules lying flat on the surface (about
40%). By calculation, it was demonstrated that 99.99% of the adsorbed molecules
have the energy to overcome the barrier to rotation provided by the average electro-
static field.
For argon and nitrogen adsorption, the cellulose surface is characterized
by a low mean adsorptive potential, U'0 and a broad distribution of potentials,
y. The portions of the cellulose surface accessible to the adsorbates are
characterized by similar values of U' and y regardless of the location of that
-o
surface within the fiber structure.
The potential for nitrogen adsorption is greater than for argon
adsorption because the nonpolar, dispersion forces are greater for nitrogen.
Argon surface areas were greater than nitrogen areas but the ratio of AA/EN was
shown to decrease as the surface area by argon adsorption increased. The
correlation between LA/EN and EA was a result of a difference in accessibility
of the surface to argon and nitrogen molecules.
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Marked differences in Ross-Olivier and BET estimates of surface area
were observed. The discrepancy between Ross-Olivier and BET surface areas in-
creases for surfaces of decreasing U' . Thus, the ratio ZRO/MET was greater
- o
for argon than for nitrogen adsorption since U' for the adsorption of argon was
-o
less.
Ross and Olivier (12) suggested that multilayer buildup occurs at ®
<1.0 for low potential surfaces because the adsorbed film is a more favorable
site for adsorption than the lower potential portions of the surface. The present
study showed the fraction of monolayer coverage where multilayer buildup occurred
was about ® = 0.37 for argon and ® = 0.56 for nitrogen adsorption. Because the
product of the Ross-Olivier estimate of surface area, R _0, and the fraction of
monolayer completion, 0, was nearly equal to the BET estimate of surface area, the
BET estimate appears to be a good approximation of the surface area covered before
multilayer buildup occurred. The Ross-Olivier estimate is a more reasonable
approximation of the total surface area accessible to the adsorbate molecule.
FUTURE WORK
The adsorption by cellulose of selected adsorbates such as xenon and
krypton should be studied. Since the adsorption of a polar molecule by cellulose
presently is being investigated, the study of krypton and xenon adsorption would
be a logical continuation. Such an investigationand analysis by Ross-Olivier
theory would be uncomplicated. Xenon and krypton molecules are of different size,
and the adsorptive potential of the adsorbed layer of each adsorbate is probably
different from argon or nitrogen. An adsorption study of these spherical molecules
should result in additional verification of the Ross-Olivier estimate of surface
area as a more reasonable value than that provided by BET theory.
This study would require a more sensitive adsorption apparatus than used
in the present investigation. If isotherms at temperatures other than 77.4°K and
90.2°K are needed, a cryostat is required for temperature control. Additional
information about the changes in energy and entropy on adsorption can be obtained
from the study of adsorption at several temperatures.
An adsorption study in conjunction with a thermodynamic study will
provide a more complete description of the adsorption system. A thermodynamic
study of a cellulose-adsorbate system can be made by calorimetrically determining
the heat of adsorption as a function of the adsorbed volume. Either the integral
or differential heat of adsorption is determined. The isosteric heat of adsorption
is calculated from the integral or differential heat. The entropy change accompanying
adsorption may be obtained as the function of the volume adsorbed, when the adsorp-
tion isotherm and the heat of adsorption are known. These thermodynamic quantities
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NOMENCLATURE
(A Summary of the More Important Symbols)
Van der Waals' constant of a nonideal gas
Constant defined by Equation (30)
Van der Waals' constant of a nonideal gas
Constant in Equation (2)
Energy of adsorption per molecule
Energy of removing a molecule from the bulk liquid
Energy contribution from the nonpolar Van der Waals forces
Energy contribution due to the induction of a dipole moment in the
adsorbate
Energy contribution arising from the interaction of the permanent
dipole of the adsorbate and the surface electric field of the substrate
The change in the kinetic energy of the molecule on adsorption from
the total kinetic energy in the gas phase to the kinetic energy of
translation and rotation in the adsorbed phase
The average vibrational energy of an adsorbed molecule at 0 °K
Exponential distribution function of Halsey and Taylor, Equation (2)
Frequency of occurrence of particular surface patches per unit energy
interval
Surface electric field
The additional Gibb's free energy of the adsorbed phase due to molecular
vibrations with respect to the surface
Planck's constant (6.626 x 1027 ergs/sec.)
The heat of immersion of the clean solid surface
The heat of immersing a unit area of the liquid surface
The heat of immersion
The heat of bulb breaking
The heat of wetting


























k Boltzmann constant (1.38 x 10 1 6 ergs/degrees)
K' Particular constant associated with the mean adsorptive potential
according to Equation (29)
K. A constant related to the adsorptive potential of each patch according
- to Equation (6)
M Molecular mass
n Normalizing factor of the Gaussian distribution
N Avogadro's number (6.023 x 1023 molecules/mole)
N The number of molecules adsorbed per area in the monolayer
-A
p System equilibrium pressure
aP-- Potential energy of interaction of the adsorbate
a-
P Saturation vapor pressure
prot Energy barrier to rotation
st
q Isosteric heat of adsorption
diff
_q Differential heat of adsorption
Qrot Rotational partition function
R Gas constant (1.987 cal./mole degree); Resistance
S Rotational entropy
ASt r The change in translational entropy per mole in the standard
- state of adsorption




U' Mean adsorptive potential
U Adsorptive potential of a homottatic surface
Uoi .Adsorptive potential of the ith patch
if Differential adsorptive potential
-o
Integral adsorptive potential
Ross-Olivier theory predicted monolayer capacity
BET theory predicted monolayer capacity
Sample weight
Fraction of adsorbed molecules lying flat 6n.the surface
Two-dimensional van der Waals constants
Heterogeneity parameter
Fraction of the surface having adsorptive potentials between U . and
U. + U
-01 -o
Overall monolayer completion fraction
Experimentally observed adsorption function
Clustering function
Fraction of the ith patch of the adsorbent surface covered by the
adsorbate
Standard state of the surface phase, taken so that the average inter-
molecular separation would be the same in the gas and adsorbed phases
at 0°C.
Energy of adsorption distribution function




Electron polarizability of the molecule
Symmetry factor
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PREPARATION OF CELLULOSE SUBSTRATE
PURIFICATION TREATMENT
1. Initially the cotton was sorted and extraneous visible material
was removed.
2. About 15 grams of the sorted material was extracted in 95% ethanol
(1500 cc.) for 10 hours in a Soxhlet extractor.
3. Followed by a wash in three portions of distilled water (about
1500 cc. each).
A basket arrangement of glass rods was used to hold the cellulose below
the liquid surface and above the bottom of the container in all subsequent boiling
operations.
4. The cotton was boiled in 1500 cc. of distilled water for 20 minutes.
5. The boiling water was siphoned off and simultaneously replaced with
1500 cc. of boiling 1% caustic.
6. During a period of 1 hour, 6000 cc. of boiling caustic was passed
through the sample. The final stage was in contact with the cotton for one
additional hour.
7. Boiling water (6000 cc.) was passed through the sample in 2 hours.
8. The cotton was treated with 0.5% acetic acid (1700 cc.) for 45
minutes.
9. The acid was displaced with at least 9000 cc. distilled water for




























THE CALORIMETER AND LINEAR QUARTZ THERMOMETER (Fig. 28-32)
QUARTZ CRYSTALS AS TEMPERATURE SENSORS
The angle from the crystalline axis at which a quartz crystal is cut
determines its temperature coefficient. A crystal can be prepared to exhibit a
negative or positive coefficient or a zero temperature coefficient at a selected
temperature. A crystal of zero coefficient is used in the thermometer to provide
a stable reference frequency. The performance of the reference crystal is main-
tained in a temperature-controlled oven.
The temperature sensing crystal exhibits the most linear possible change
of frequency with changing temperature. However, the response curve is not a
perfectly straight line over the range of temperatures to which the crystal can
be exposed (-80 to 250°C.); a constant ratio of frequency to temperature is not
maintained. At any given point on the response curve, compensation can be made
by changing the sampling period. This compensation is made electronically by
setting numerical thumbwheel switches in the thermometer. The effect of the change
in timing brings the slope of the curve up to the ideal of 1.0 at some preselected
temperature.
Hysteresis causes the crystal to resonate at different frequencies for
the same temperature depending on the span and direction from which the temperature
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Figure 30. Dewar Case (45)
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Figure 31. Hollow Plug
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,__: -, _ ~3 H 2 = 0.693 t.001 OHMS
,, I Hi = 0.690 ±.001 OHMS
K \-. tJUNCTION BOX
4- POSITION TERMINAL STRIP
ROTARY SWITCH 
1-2 : H 2 s
2-3 : HI AND H2 I *.- 4
3-4: Hi
4-5 : BY-PASS
RS REGULATED DC POWER SUPPLY
KEPCO MODEL ABC ( - 0.5 AMP, O- 18.VOLTS)
A DC POLYRANGER AMMETER (0-I AMP)
T TIMER STANDARD TYPE S-I
R BECKMAN RECORDING POTENTIOMETER (TYPE RS)
Figure 32. Heater Circuit
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PURIFICATION OF WETTING LIQUIDS
BENZENE
B.p. 80.1°C., f.p. 5.5°C., n2 5 1.4979. Dried with sodium, fractionally
distilled and stored over 4A molecular sieve and CaH2 .
CHLOROBENZENE
20
B.p. 131.7°C., nD 1.5248. Washed several times with coned. H2S04,
then aq. NaHC03, and water, dried with 4A molecular sieve followed by drying with
calcium hydride.
NITROBENZENE
F.p. 5.8°C., b.p. 84-86.5°C./6.5-8 mm. Extraction from aq. 2M NaOH,
water, dil. HC1, water, followed by drying with MgSO4, and fractionally distilled
under reduced pressure, stored in a colored glass bottle over CaH2.
DETERMINATION OF WATER CONTENT OF THE WETTING LIQUIDS
The amount of water in each wetting liquid was determined with the aid
of a gas chromatograph equipped with a thermal conductivity sensor. A Por-Pak Q
column was used for liquid separation. The water concentration was determined by
measuring the area under the water peak and comparing this area to that of several
standards. The standards were prepared by adding 0, 1, 3, and 5 p.p.m. water to 1
liter of reagent-grade benzene. The change in area of the water peak was determined
and plotted against the amount of water added. The correlation was fairly linear,
as shown in Fig. 33.
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COLUMN TEMPERATURE 1650 C.
BRIDGE CURRENT 200 MILLIAMPS
CARRIER GAS FLOW RATE 1.25 CC./SEC.
100 .I. SAMPLE AT 2 X RESOLUTION
1 2 3 4 5
WATER, P.P.M.

























CALCULATIONS - THE EFFECT OF THE SURFACE ELECTRIC FIELD ON a
1. "Best fit" slope = (77.7 - 61.7)/3.93 = 4.07 ergs/cm. 2 debye.
Maximum slope = (78.7 - 60.7)/3.93 = 4.58 ergs/cm.2 debye.
2. Average electrostatic field strength.
surface concn. of adsorbed molecules = 1/pH
1/BOH = 0.0306 x 1016 molecules/cm.2
electrostatic field strength, F = (4.07 x 10 )/3.06 x 104
= 0.133 x 105 esu/cm. 2
3. Induced dipole in nitrogen molecule
A = FS = (0.1333 x 1010)(.317 x 1019) = 0.317 esu cm.
A = 0.0317 debye Note: ~ = 2.38 x 10 for the upright
orientation (12)
4. Correction factor to be applied to a.
MA = - (X/d)
where d = 3.20 x 10- 8 cm.
= -(3.17 x 10-2)2 (Xr/3.20 x 10-8 ) 10 36
= -0.0982 x 10-30 ergs cm.2/molecule2 .
5. Using the maximum slope
F = 4.58/3.06 = 0.15 x 105 esu/cm.2
A = 0.0357 x 10- = 0.0357 debye.
=-0.124 x o10-30 ergs cm. 2/molecule2.
6. The effect of these corrections on the ideal value of a
0.124/45.7 x 100 = 0.27%.
0.098/45.7 x 100 = 0.21%.
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APPENDIX IV
ADSORPTION ISOTHERMS, COMPARISONS OF EXPERIMENTAL TO MODEL
ISOTHERMS, AND COMPARISONS OF EXPERIMENTAL AND
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Figure 36. Comparison of Experimental to Model Adsorption Iso-
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Figure 40. Comparison of Experimental to Model Adsorption Iso-
therms for Argon Adsorption on SV-2B-2 at 90.2°K
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Figure 44. Comparison of Experimental to Model Adsorption
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Figure 47. Comparison of Experimental to Model Adsorption Isotherms







Figure 48. Comparison of Experimental to Model Adsorption
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Figure 52. Comparison of Experimental to Model Adsorption
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Figure 56. Comparison of Experimental to Model Adsorption Iso-










































































0 0 0 ~~~~~~~~~~~~~~~~~00U'
co ~~~~~~~~~~~~~~~X0




















Figure 60. Comparison of Experimental to Model Adsorption
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Figure 64. Comparison of Experimental to Model Adsorption Iso-
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Figure 67. Comparison of Experimental to Model Adsorption Iso-






Figure 68. Comparison of Experimental to Model Adsorption Iso-
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Figure 72. Comparison of Experimental to Model Adsorption Isotherms
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Figure 76. Comparison of Experimental to Model Adsorption Iso-
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Figure 80. Comparison of Experimental to Model Adsorption Iso-
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Figure 84. Comparison of Experimental to Model Adsorption Iso-
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Figure 92. Comparison of Experimental to Model Adsorption Isotherms
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Figure 96. Comparison of Experimental to Model Adsorption Isotherms
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Figure 100. Comparison of Experimental to Model Adsorption Iso-
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Figure 104. Comparison of Experimental to Model Adsorption Iso-
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Figure 108. Comparison of Experimental to Model Adsorption Iso-
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NITROGEN ADSORPTION DATA FOR
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NITROGEN ADSORPTION DATA FOR
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NITROGEN ADSORPTION DATA FOR
SAMPLE SV-2B-6 AT 90.2°K
Deadspace
Sample weight
Equilibrium
Pressure,
mm. Hg
0.816
1.179
2.137
4.302
9.213
15.409
22.651
35.816
53.037
77.276
82.408
112.084
147.801
206.947
264.572
358.994
508.507
558.172
0.05240 ml./mm.
2.9245 g.
Volume
Adsorbed,
ml. (STP)/g.
0.342
0.407
0.534
0.717
0.980
1.187
1.368
1.599
1.811
2.031
2.035
2.239
2.425
2.646
2.857
3.097
3.465
3.571
Volume
Adsorbed
Error
0.00
0.00
0.01
0.01
0.02
0.02
0.03
0.05
0.08
0.10
Volume
Adsorbed
Error
0.00
0.00
0.00
0.00
0.01
0.01
0.01
0.02
0.03
0.05
0.01
0.02
0.05
o.o6
0.10
0.13
0.17
0.29
